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Quantum  Electronics  Letters 
Interband Auger Recombination in InGaAsP 
L. C. CHIU, P. C. CHEN, AND AMNON YARIV 
Absstracf-The  interband  Auger  recombination lifetimes of two Auger 
processes have been  calculated to correlate  measured  threshold  current 
densities and carrier lifetimes for InGaAsP and InGaAsSb lasers. Good 
aggeement with experimental data was obtained for lasers with low 
nominal  threshold  current  densities.  These  results  demonstrate the 
importance of Auger recombination in  the threshold  characteristics of 
InGaAsP/InF’  lasers. 
S EMICONDUCTOR injection lasers  using the quaternary compound InGaAsP as  active layers generally exhibit 
threshold current densities that depend strongly on tempera- 
ture. They are characterized by a low To ranging from 50-80 K 
for temperatures above about 220 K [ l ]  -[3] . This value is 
considerably lower than  that  of GaAlAs/GaAs lasers, which is 
typically greater than 110 K. Low values of To pose serious 
limitations  on  the performance of semiconductor lasers at 
elevated temperatures. It is therefore  important to understand 
the origin and nature of this phenomenon in the quaternary 
InGaAsP/InP lasers. 
For the InGaAsP lasers, the onset of the rapid increase in 
threshold current with ascending temperature at about 220- 
250 K is accompanied by a sharp decrease in the carrier life- 
time and the spontaneous recombination efficiency [ 11,  [3], 
[7] , [8] . Various mechanisms have been proposed to account 
for  the  reduction in carrier lifetime [ 11 , [4] , [6]  of which the 
nonradiative Auger recombination has received special atten- 
tion [7] -[lo] . Fig. 1 shows two Auger recombination pro- 
cesses that should be significant at high temperatures  for small 
bandgap semiconductors [ 111 , [ 131 . In this letter we present 
calculations of the nonradiative Auger lifetime due to these 
two Auger processes, referred to as  CHCC and CHSH processes, 
which involve electrons/holes in  the  conduction/valence  bands 
and conduction/split-off hole bands. The CHCC process was 
discussed in [8]. However, the expression used in [SI was 
derived under  the assumptions that  both  the conduction  and 
the valence bands are nondegenerate, and that the injection 
level is low. Since semiconductor lasers operate under high 
injection condition which renders the  conduction band degen- 
erate,  neither of the above assumptions is made in the present 
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Fig. 1. The CHCC and CHSH Auger recombination  processes. 1 , 2  and 
l‘, 2‘ are the initial and final states, respectively. 
calculation. The CHSH process has been treated in [ 101 , and 
the formalism used here is similar. However, owing to the 
inadequate accuracy with which the parameters needed for 
gain calculations are known, we elected not  to calculate theo- 
retically the injected carrier density at threshold nth from the 
balance between gain and loss, but  instead, to obtain nth from 
existing experimental measurements of the threshold current 
density Jth, and carrier lifetime T as functions of temperature 
by applying the relation 
Jth - nth 
ed r 
where e is the electronic charge and d is the active layer thick- 
ness. This procedure would yield accurate values of nth for 
high quality lasers with low nominal threshold current  density 
The rate P for  the  band-to-band Auger recombination is  given 
Jth/d. 
by [I11 
x [flfZ(l - f l P > ( l  - fir) - (1 - f a 1  - f2.)f1~fzf1 
* 6 (Ef  - Ei) dkl  dkl’ dkz’. 
In the above, the f ’ s  are the Fermi factors, Ef, i  are the final 
and initial energies of the particles, respectively, LD is the 
usual screening length, and 2 < 2p < 3 [ 111 due to spin sym- 
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TABLE I 
COMPARISON F MEASURED AND CALCULATED  CARRIER LIFETIMES FOR 
InGaAsP LASERS AT 300 K. BETTER AGREEMENT IS OBTAINED FOR 
LASERS WITH LOW &Id. 
i Wavelength (pm) 1 Jta/d (kA/cm*pm) I T~~ (ns)  (ns) 
, 
1.1 I ' 4.0 4.2 
1.27 i I4.O 2.0 1 1.4 1 
metry.  The overlap integrals IF1 F2 1' are  given by 
for  the CHCC process [ 121  and 
for the CHSH [ lo] ,  [13] process. In the above equations, 
me is the  electron mass, Eg is the bandgap energy, and fcv is 
the oscillator strength. The CYCH and (YSH are the overlap pa- 
rameters as given in [ lo] .  The effective masses for electron 
and hole, and the spin-orbit coupling A are taken  from [ 151 
and [ 161 , respectively. The  three-fold  integrations were calcu- 
lated numerically assuming parabolic bands, and the Auger 
lifetime is obtained  from  the expression 
where An is the injected carrier density at threshold. In the 
calculation, the Fermi levels  are calculated from  experimental 
values of nth,  when degeneracy is fully accounted for in the 
conduction band. It is also  assumed that injection level is 
high, so that An A nth, an assumption which is good for injec- 
tion lasers. 
Data  for lasers emitting  at 1.1, 1.27, 1.3, and 1.48  pm were 
taken, respectively, from [ I ] ,  [3] , [SI, and [7]. To account 
for  current spreading under  the stripes, the measured Jth was 
divided by factors of 1.6 and 1.2 as appropriate for 15 and 
20  pm stripes to obtain  the  actual  current  density in the active 
region [ 171 . 
For comparison, the calculated and experimental carrier life- 
time at  300 K are listed in Table I, along with  other  character- 
istics of the lasers. The  total carrier lifetime is obtained from 
the sum of  the radiative and Auger effects by 
1  1 - 1 -  __ +-+-* 
Trad TCHCC  TCHSH 
The radiative lifetime is obtained by extrapolation of experi- 
mental values at  low  temperatures. As  is evident from Table I 
and Figs. 2-5, reasonable agreement was obtained for lasers 
with low nominal threshold current density. When the nominal 
threshold current  density is high, the calculated Auger lifetimes 
are significantly shorter  than the observed values. This is due 
to the high apparent carrier concentration resulting from the 
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Fig. 2. Calculated and measured lifetimes of 1.1 pm laser. Data taken 
from [l]  . 
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Fig. 3. Calculated  and  measured  lifetimes of  1.27 pm  laser.  Data  taken 
from [3] . 
high threshold current  density, which implies the existence of 
additional current loss mechanisms not accounted for here. 
It should be cautioned that the Auger lifetime is a rather 
sensitive function of carrier concentration (see Fig. 6), and 
calculations are meaningful only if reliable values of nth can 
be obtained. 
We have also examined the phonon-assisted Auger recombi- 
nations. I t  has been proposed that these processes are impor- 
tant in semiconductors at low temperatures, since the partic- 
ipation of a  phonon relaxes the  requirement of simultaneous 
energy and momentum conservation of the  electrons and holes 
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Fig. 4. Calculated and measured lifetimes of 1.3 pm laser. Data taken 
from [8] . 
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Fig. 6. The inverse of Auger lifetime as a function of carrier concentra- 
tion for a 1.3 pm InGaAsP  laser at 300 K. 
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Fig. 5 .  Calculated and measured lifetimes of 1.48 pm laser. Data taken 
from [7] .  
[ 181 . Our preliminary calculations show that while the Auger 
lifetime of phonon-assisted CHCC and CHSH processes are 
shorter than the normal CHCC and CHSH processes at low 
temperatures (<150 K), they are at least an order of magnitude 
longer above 200 K. Therefore, their contribution to the  total 
carrier lifetime can be neglected. 
The Auger lifetime is known to vary approximately  with  the 
carrier concentration as 
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Fig. 7.  Calculated and measured lifetimes of 1.8 pm InGaAsSb laser. 
Data  taken  from [ 2 0 ] .  
where a is between 2 and 4. By varying n, we have plotted 
1 / ~  versus n for a 1.3 pm laser at 300 K (Fig. 6 )  on a log-log 
scale. The slopes of the lines indicate that a = 2.19 for the 
CHCC process and a = 2.04 for the CHSH process. The corn- 
bined nonradiative Auger lifetime varies with n2.'0. This com- 
pares favorably with the value  of 2.2 obtained on LED experi- 
ments by Uji et al. [ 191 . 
The Auger lifetime for an  InGaAsSblGaAlAsSb  laser emitting 
at 1.8 pm has also been calculated. The  data  for this laser  are 
taken from [20]. Since limited information is available, linear 
interpolation is taken between the binary compounds of GaAs, 
InAs, and InSb to obtain  the relevant parameters needed. One 
interesting result worth mentioning is that  the lifetime for  the 
CHSH process is about two orders of magnitude longer than 
the CHCC process. This we believe  is due to  the large A in this 
system. The calculated and experimental values  are compared 
in Fig. 7, and reasonable agreement exists. However, since 
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the band parameters used here are less accurate as those in 
the InGaAsP/InP system, the result presented here should only 
be regarded as preliminary. An interesting property of this 
laser is its high To (-1 12 K), which may be due partially to the 
absense of the CHSH process. I t  should be pointed out  that 
nonradiative Auger recombination cannot explain the decrease 
in differential  quantum efficiency in this laser [20]. 
CONCLUSIONS 
In conclusion, it has been demonstrated  that  the Auger life- 
time  for both CHCC and CHSH process are comparable in the 
temperature range of 200-340 K. Reasonable agreement was 
obtained for the measured and calculated lifetimes of low 
threshold lasers emitting from 1.1 to 1.48 pm. Results indicate 
that the nonradiative Auger recombination is an important 
factor responsible for the high temperature sensitivity of the 
threshold current  of InGaAsP/InP quaternary lasers, 
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Efficiency Studies of the  Thallium  Anti-Stokes  Raman Laser 
JONATHAN C. WHITE AND D. HENDERSON 
Abstract-Selective  photodissociation of TlCl and TU using248nm ra- INTRODUCTION 
d i a t i o n f r o m a ~ F * e x c ~ e r l a s e ~ h a s b e e n u ~ d t o ~ e a t e a T 1 * ( 6 ~  ‘P;/Z) N this letter we report studies of the T1 anti-stokes R m a n  
emission at  376 nm has  been observed using  a 532 nm pump laser. Out- I laser in which new methods for creating the metastable state population inversion. Stimulated antistokes Raman 
put power at the antistokes wavelength and conversion efficiencies are TI* ( 6 ~  2pi,2 ) Population inversion have been investigated. 
reported. The first observation of  stimulated  anti-Stokes Raman emission 
was performed by preparing a T1” (6p metastable inver- 
Manuscript received February 5,  1982. sion with respect to the ground state of T1 by selective photo- 
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